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What is the state of QC? Nasty, brutish and short

20 cycles of gates with 53 qubits
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Third floor on the west side, me and you

B(B? — pp) = [2.9 £ 0.7(exp) % 0.2(frag)] x 10—°

cMs 36" (13 TeV) + 205" (8 TeV) + 5 b (7 TeV)
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Examples: Hadronization, QGP Dynamics, Hadron Tomography[l]
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Practical Quantum Advantages in High Energy Physics
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In this LOI, we discuss open questions in cosmology and particle physics whose solutions would
demonstrate practic qusstm advantage ~solving a problem of interest using quantum hardware that
is impractical for cl Arriving at these caleulation will require theoretical developments
in nonperturbative and nonequilibrum physics along side improved quantum algorithms.
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Carena, M. et al. In: Snowmass 2021 LOI TF10-077 (2020).
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QFT is about infinities and how to regulate them

oo — V=1L (Os0)
(O) = (Os) + f(L)
(0a) = (Oco) + (L, a)
(On) = (Oco) + f(L, a,{M})
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LFT has been successful beyond our wildest dreams

1
Ske = /d4x [_ZFWF’W +g(ip — m)q}

Sw = BReTr(1 — U,) + S¢] with U, — U, U, UL U] and Uy = elnA"
2 P 3Ys

© quark 1 A gluon

Sr
LFT can compute most (| [, On(70)|i)

Wick rotate t — i7 then sample from e~

Hank Lamm LFT for QC 28 Jan, 2021 6/31



Sign(al-to-noise) problems stymie Monte Carlo
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For real-time dynamics, Sg = 0!
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What do | gain with a quantum computer??

0)

QC can efficently represent superpositions and entanglement
Digital QC provide entangled qubits and gates, not field theories.

2 Feynman, R. P. In: Int.J. Theor.Phys. 21 (1982).
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What should a theorist be aware of?

Think assembly language and bits...
+Noise limits fideltiy of gates to 95 — 99% today
Connectivity matters!
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O(10) physical qubits with O(10) gates
Laptop can do ~ 14 logical qubits and O(103) gates in minutes
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Balancin’ on breaking branches

10} 203 V PDF?

1012 Y T ¢

10" 43 Y 2

8
=10 437, 7

10*

10%

10° 1 1 1 L 1 1 ,
2020 2025 2030 2035 2040 2045 2050 2055 2060 2065

IBM's Extrapolation

102

g Classically | Quantum Fault Tolerant
a Intractable | Advantage|
O 108

3+

~

= [ ]

£ 104 &

4 Year 5

8

S 108 ),
o

[

<

Q

(&

10 102 108 104
System Size (# Qubits)

Hank Lamm LFT for QC

SQMS Center © Fermilab

High Energy Applications

@Dy Primitives

@2x1 Dg H(t)

@4x4 D4 Viscosity
©5(1080)Primitives

©®3x3x3 5(1080) H(t)
Condensed Matter Applications
O Hubbard Model (100 sites)

= 1D polaron coupled oscillators
m 1D bipolaron and 1D ®* theory
m 2D and 3D @* theory

B Non-equilibrium superconductivity
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So ahead of the curve, the curve becomes a sphere
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Confinement of quarks*

Kenneth G. Wilson
Laboratory of Nuclear Studies, Cornell Univesiy. Ithaca, New York 14850
(Reccived 12 June 1974) |
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Bustling S or silent H, you’'re not sure which is worse

(x|e”"Ht|y) = [ Dgpe'
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What “champange problems” need to be solved?

@ Digitize: How are bosons
represented as registers?

o Discrete Subgroupstl IV — |G)?

@ Initalize: How can registers
be set to a state?

o Stochastically?[*!

@ Propagate: How can gates
evolve states?[5]

Ulo) — [9(1))?

Just...
blocking out the
noise, eh?

o Evaluate: How can
observables be computed?[®]

Bl Alexandru, A. et al. In: Phys.Rev.D 100 (2019). arXiv: 1906.11213 [hep-lat].
(4 Gustafson, E. J. and H. Lamm. In: (Nov. 2020). arXiv: 2011.11677 [hep-lat].
(5] Lamm, H., S. Lawrence, and Y. Yamauchi. In: Phys. Rev. D100 (2019). arXiv: 1903.08807 [hep-
Lamm, H., S. Lawrence, and Y. Yamauchi. In: Phys. Rev. Res. 2 (2020). arXiv: 1908.10439 [he;

Hank Lamm LFT for QC 28 Jan, 2021 13/31



Hank Lamm LFT for QC 28 Jan, 2021 14 /31



All Things Considered

Exploring Digitizations of Quantum Fields for Quantum Devices
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L University of lowa, lowa City, lowa, 52242"*
2Department of Physics, Boston University, 590 Commonwealth Avenue, Boston, MA 02215, USA
$Fermi National Accelerator Laboratory, Batavia, Illinois, 60510, USA
“Maryland Center for Fundamental Physics and Department of Physics,
University of Maryland, College Park, MD 20742, USA
it of Physics, Box 90305, Duke University, Durham, North Carolina 27708, USA
¢ for Nuclear Theory, University of Washington, Sealtle, WA 98195, USA
"Syracuse University, Syracuse NY'!

Tn this LOT we undertake to enumerate promising digitization schemes for quantum fields that
could allow near-term caleulations on quantum devices. Further we discuss the outstanding questions
that must be resolved in evaluating their potential, providing potential benchmarking on the way to
practical quantum advantage in high energy physics.

Lots of choices for bosons!™:

@ Casimir Dynamics - Loop-String-Hadrons - Dual Variables - Light-Front - Quantum Link Models - Qubit Regularization

- Discrete Subgroups
What qualities make a GOOD scheme?
@ What are the quantum resources required?
@ What symmetries are being broken in truncation?
@ What is the rate of approach to the physical point?
@ Can the scheme be simulated classically?

Gustafson, E. et al. In: Snowmass 2021 LOI TF10-97 (2020).
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Consequences of your B(x) being a little too strong

1
Hks ~ &> E(x)* + g—QZB(X)z

How good is the E “free-particle” basis in QCD?
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Naively truncating in either basis breaks gauge invariance
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Discrete subgroups allow plug-and-play framework!®!

@ Replace G — Hin e3> e /"

@ H has AS > 0 so 1st PT at 8f < oo...
1

0.8 | V. gle(Sg :f
06} .
~ 04t ’
0.2 | 2

ol e ]

0o 2 4 6 8 10

I knew you
were trouble.

@ One SU(3) link for 1152 qubit vs 43 lattice of V links

(8] Bhanot, G. In: Phys. Lett. 108B (1982), Hackett, D. C. et al. In: Phys. Rev. A99 (2019).
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But all is not so dire

For discrete groups, the freezing is secretly the Higgs mechanisml9:

Ch

A
{h}

1
Sw =BReTr[l — up] ~ — Fu F™ + (D,.¢)T (D" ¢) — f(o™)
where {n,} grows with size of H[0
There is a close analogy to lattice actions:

1 1
Sw = BReTr[l - Up] =~ _ZFMVFHV + EazDMFIWDMFIW

...where the solution is Symanzik improvement (add lattice operators)

(9] Fradkin, E. H. and S. H. Shenker. In: Phys. Rev. D 19 (1979).
(10] Das, S. and A. Hook. In: JHEP 10 (2020). arXiv: 2006.10767 [hep-ph].

Hank Lamm LFT for QC 28 Jan, 2021 18/31



Systematics from Group Space Decimation!!!!

Decimate via U = u - € in analogy to Wilsonian renormalization:

2= [DUesI= Y [ peersiud = 3 =51,
¢ > | >

ueH ueH

1 , 1 1
Slu] = 25{1}5 Rexq1) + 5{2}6 Re x {23 + »3{1.71}@\7{1.71} +oe
p \ \

1 ‘ SU(3)’ g
Vo ; [
VO °
0.8 VvV 05 AAA;
:::AAAAAAAAAAAAAA
__0.6 .o. -
= .'-
\/047 '."..f
0.2 -
0 . .
0 2 4 8 10 12

~6
By
(11 Flyvbjerg, H. In: Nucl. Phys. B243 (1984), Ji, Y., H. Lamm, and S. Zhu. In: Phys. Rev. D 102 (2020). arXiv:
2005.14221 [hep-lat].
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T.\/Ty suggests a~ 0.07 fm ~ 2 GeV ! possiblel'’!

S= Z % ReTr U + ,Blf(U) with f(U) = {Tr2 U~+Tr U2, |TrU|2}
Compare to SU(3)12
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On-going work to extract quenched spectroscopy

[12]
[13]

Francis, A., O. Kaczmarek, M. Laine, T. Neuhaus, and H. Ohno. In: Phys. Rev. D 91 (2015).
Alexandru, A. et al. In: Phys.Rev.D 100 (2019). arXiv: 1906.11213 [hep-lat].
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Whatisithetprotonsiniteimsiofipantonss
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EpOQ: A hybrid technique for real-time LQCD!*

Preping [1g) is expensive! Use classical resources via Schwinger-Keldysh

TrPteBH pe—iHtOeitit
TreBH

(O(1)) =

D[\l/ ] P\Il H’
I

-BH

At
o ( =
‘\- i
~1Hl
D[\I/ P\I’

e Classical: open-BC LQCD yields (e ?""); then project with P
@ Quantum: Time-evolve elements of simpler (PTe 7"P);

(14] Harmalkar, S., H. Lamm, and S. Lawrence. In: (). arXiv: 2001.11490 [hep-lat], Gustafson, E. J. and H. Lamm.
In: (Nov. 2020). arXiv: 2011.11677 [hep-lat].
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Simulator Results for 241D D, & 7, gauge theories

149 D4 gauge theory (NuQS) g, 7, gauge theory (w/ Gustafson)

v“Nonabelian group with N =8 v Abelian group with N = 2
v Thermal |¢)) with Smearing v’ n-particle [¢)
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‘ ‘ Proposals for these on Rigetti &
c oy ° ! " Google on <5 year scale
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What is trotterization?

t

i ZistHY isern —iseHy \ T
Z/{(t) —e IHt% (e i6t— e ’5tHKe iot 2)

w exp { it o+ Hy -+ 2l [t ]~ [ T ) )

T T
6t =050 —m—

(o)

0 0.5 1 15 2 2.5 3 3.5 4 4.5 5

@ 0t is bare c(a, a;) not physical a;
@ Introduces higher dimension operators
o Eigenstates of H(a, a; = 0) mix at finite a; — quantum smearing?
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Approaching the continuum

2.35 T i ]
a— i [ |

23 = " . =
|

2.25 ?

ayma/aymy

| ]
&b 5} = 11l °
\é T B=12 A
21 iy o 1 B=13 ¥
BP=Td4+r——1—
2.05 1
0 0.02 0.04 0.06 0.08 0.1

apymy

@ Hamiltonian limit: a; — 0 (unnecessarily expensive)
e Continuum limit: a;,a — 0 (the one that | want)
@ Fix £ = a/a; to efficiently get QFT
Can Euclidean calculations be used to scale-set Minkowski ones?
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Relating H to S (Work with Carena, Li, Liu)

The anisotropic Wilson action is
1 11
Sw=—56Y ReTrlUs+—7 > ReTrUs (1)
8 4 8s & <
thru T = (ile=5]j) ~ (i|e=2H|j) derives the Kogut-Susskind HI®!

_ g,_, a,ap)
c(a,ag)a gHaao) >

U, & 1 ap — 0, N —+ 0o
T(ao) = e “0/M@0a) b — )
discretize Nag < 7

ReTrU,| (2)

= Opp—

19
noon

Ui &

l - 6t — 0, N = o0
Spp f——— W(85) = @)

trotterize Nt < t

23] Creutz, M. Quarks, gluons and lattices. Cambridge Monographs on Mathematical Physics. Cambridge, UK: Cambridge
Univ. Press, June 1985.
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What low-level primatives are required for LGT?[1©!

@ Inversion gate: 4 1 |g) = \g_1>

la1)

[b1)

@ Multiplication gate: i, |g) |h) = |g) |gh) e
|az) b |a)
: [b2) —4 [b)
@ Trace gate U (0) |g) = e?ReTre |g) " \ 1L "

o Fourier Transform gate: Ur ) . f(g)lg) = Zpeé f

[16]

Ll}, __ Ur |U12) -

o 45 o

v o
T

o = o

Lamm, H., S. Lawrence, and Y. Yamauchi. In: Phys. Rev. D100 (2019). arXiv: 1903.08807 [hep-lat].
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Small steps with D,n for quantum leaps
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m
Don multiply: hy X hp = v™Mu™ vm2 n2 = ymtm  Nma+(—1)"2m+n

XL

All-to-all connectivity Linear connectivity

Nenot = 21Ng — 31 Nenor < 126N — 438N, + 372

Ancilla qubits: Ny —1
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Primative gates

on Rigetti (w/ Alam)

lax} —

[B1)

ex)

|az) |a)
[b2) [6)
|e2) le)

Prelim: i, for D4y has =

7=

24 23

30% fidelity = 4y has

34 33

Qe =

)

< 1073 fidelity

(0, 0, 0 o, e 0 (37 0, 1) (071, 9)

(“1 ) X( ) ‘1017, ‘001'] ['000', '011', '000', '010', '001']
010

e 3577 0.2594

(0, 9, 0) x (0, 0, 1) (1, 1, @) x (e, @, @)

(001 ‘101', '100', '001', '001'] [*o11', ‘'100', 'e11', '100', '110']
110

a 2554 0.2698

(0, 0, @) x (e 1, ) (1, 1, o) x (0, 0, 1)

(am , '11e', 'el1’, 'e10', '010'] [#101Y); ‘ee1’, "1110Y, ‘100, 11121
111

0 3339 0.2426

(0, @, ©) x (0, 1, 1) (1, 1, 0) x (0, 1, @)

[eel ‘e01', '000', '001', '000'] ['1e', ‘'100', '111', '110', '101']
100

a 2494 0.3399

(e, o, 0) x (1, 0, 0) (1, 1, @) x (o, 1, 1)

['100', '100', '101', '101', '110'] ['110', '100', '111', '111', '101']

100 101

0.3613 0.2953
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It's time to go

So many things to do!...and lots can be done before the machine exists

e Digitizing SU(3)
o Spectroscopy for V
o V circuits

@ Reducing the errors

o e.g. Finite volume, finite a, a;,
decimation errors, fidelity to obtain
realisitic resource estimates

Cause we're young
and we're reckless,
We'll take this
way too far

@ Algorithms for state prep, smearing

@ Investigate desirable properties
o PDF?, Viscosity?, Cosmology?

@ Actual simulations of toy models
o ZQ & D4

Hank Lamm LFT for QC

28 Jan, 2021 31/31



